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Abstract 
Reversed cyclic-load tests on full-scale reinforced concrete exterior beam-column joints with nonseismic design to 
the British standard BS 8110 were carried out.  The seismic behaviour of these non-seismically designed beam-
column joints was investigated, and the effectiveness of horizontal stirrups in joint core on the seismic performance 
and shear strength of the joints were emphasised.  It was found that horizontal stirrups which were provided in beam-
column joints with nonseismic design improve effectively the seismic behaviour and enhance the joint shear strength.  
It was shown that the upper limit of the horizontal stirrup ratio in join core for enhancing the shear capacity of 
exterior beam-column joints was 0.4%, which may be considered as one of the design criteria of joint stirrups for 
non-seismically designed exterior beam-column joints under low-to-moderate earthquakes.  Additional transverse 
reinforcement provided to the joint may thus have less effect on the enhancement of the joint shear strength. 
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
In most of the regions where the probability of occurrence of a strong earthquake is remote, such as 
the UK, Hong Kong and the majority of European countries, structural engineers do not generally include 
seismic consideration in the building design and detailing.  Building codes of practice in regions of low to 
moderate seismicity do not generally provide design provisions including considerations of seismic 
resistance.  A building for which seismic performance is not considered but merely designed and detailed 
* Corresponding author: Email: cejkuang@ust.hk 
† Presenter: Email: cewhf@ust.hk 
1877–7058 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2011.07.417
Procedia Engineering 14 (2011) 3301–3307
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
3302  J.S. KAUNG and H.F. WONG / Procedia Engineering 14 (2011) 3301–3307
based on gravity and wind loads would have to rely largely on its inherent ductility to respond acceptably 
to an unexpected seismic excitation (Kuang 1998).  Inherent shortcomings of the gravity-load design 
philosophy imply high susceptibility of the building structures to anticipated seismic risk. 
Reinforced concrete beam-column joint assemblages with nonseismic design under load reversals 
possess low ductility capacity and poor hysteretic behaviour, and have relatively low shear strength 
(Kuang and Wong 2006; Wong and Kuang 2008).  Modifications in the analysis and detailing of non-
seismic design for RC joints should be made in order to improve the seismic behaviour and enhance the 
ductility and energy dissipation capacity. 
In this paper, reversed cyclic-load tests of full-scale reinforced concrete exterior beam-column joints, 
simulating those in as-built reinforced concrete frame buildings with nonseismic design to the British 
standard BS 8110 are presented.  The primary objective of this study is to investigate the effect of stirrup 
ratio in joint core on the shear strength and hysteretic characteristics of non-seismically detailed exterior 
beam-column joints subjected to reversed cyclic loading.  The tests are an extension of the previous 
investigations (Kuang and Wong 2006; Wong and Kuang 2008) on seismic performance of beam-column 
joints with nonseismic detailing, which was planned as part of a programme on earthquake resistance of 
non-seismically designed beam-column joints. 
2. Test programme 
2.1. Specimens 
Six exterior beam-column joints, which were designed to British Standard BS 8110 were tested, each 
having a beam of 260 mm wide framing into the column of 300 mm square cross-section.  Three 
specimens have a beam depth of 450 mm, and the other of 600 mm.  The beam in all specimens is 
reinforced with an equal amount of main reinforcing bars of 3T20 (T for high yield type-2 deform steel in 
British standards) at both top and bottom sides of the cross-section.  Each column is mainly reinforced 
with 4T25. 
Among the six specimens two have no transverse reinforcement in joint core typifying a 
conventional nonseismic detailing technique, while for the other four specimens, horizontal stirrups with 
T8 or T10 reinforcing bars were provided in joint cores.  Yield strengths of the steel reinforcement are 
520 N/mm2 and 500 N/mm2 for T20/T25 and T8/T10, respectively.  Specimen details are given in Table 1, 
where the concrete cylinder strength f 'c is taken as 80% of the cube strength fcu.  Typical geometry and 
reinforcement layout of specimens are shown in Figure 1. 
Table 1: Specimen details 
Specimen Beam section: mm 
Concrete cube strength fcu
(f'c) :  
N/mm2
Transverse steel in joint core 
Stirrup Stirrup ratio (%) 
BS-450 260 u 450 38.6 (30.9) Nil 0 
BS-450-H1T10 260 u 450 41.6 (33.3) 1T10 0.14 
BS-450-H2T10 260 u 450 52.6 (42.1) 2T10 0.27 
BS-600 260 u 600 45.5 (36.4) Nil 0 
BS-600-H2T8 260 u 600 52.7 (41.8) 2T8 0.13 
BS-600-H4T8 260 u 600 37.1 (29.7) 4T8 0.26 
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BS-450-H1T10 BS-600-H2T8 
Notes
(1) Columns: 300 u 300 mm; main steel: 4T25; stirrups: T10. 
(2) Beams: width = 260 mm; main steel: 3T20 each side; stirrups: T10. 
(3) Beam-column depth ratio: 1.5 for BS-450 series; 2.0 for BS-600 series. 
Figure 1. Geometry and reinforcement layout of typical specimens. 
2.2. Test setup and loading system 
The test setup and loading system are shown in Figure 2(a).  For convenience of applying loading 
and testing, the column is in the horizontal position and the beam in the vertical position.  Proper 
boundary conditions are provided in the setup to simulate the actual working situation of the beam-
column joint as if it is a part of the frame structure, where the beam end is considered as the point of 
contraflexure and rollers are provided near the ends of columns to simulate inflection points in the 
structure.  An actuator was employed to apply reversible cyclic loading at the end of the beam, and the 
axial load was applied to the column by a hydraulic jack located at the steel bearing. 
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(a) Test setup (b) Applied reversed load 
Figure 2: Test setup and loading system. 
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In the tests, the load-control method was used at the early loading stages; one cycle of horizontal 
loading of ±0.5Pi and then ±0.75Pi applied, where the load Pi was the cyclic applied load at the top of the 
specimen when the beam reaches its ultimate flexural strength, which was determined with BS 8110 
rectangular stress for concrete without incorporating any safety factors.  The general reversed load-
deflection relationship of reinforced concrete structures is shown in Figure 2(b).  The reversed cyclic load 
arrangement was then switched to the displacement control, during which the test specimens were 
subjected to two cycles of reversed load gradually to achieve the displacement ductility factor ˢ/ˢyˢ = 
±1, ±2, ±3, …, where the yield displacement ˢy was taken as an average value of ˢ1 and ˢ2 shown in 
Figure 2(b).  Values of ˢ1 and ˢ2 were obtained by linearly extrapolating the straight line, which 
represents the flexural stiffness of specimens at lateral load levels of ±0.75Pi , to the load levels of ±Pi.
3. Test result 
All specimens failed with the joint shear failure mode.  Table 2 summarises the maximum test loads, 
maximum joint forces and shear strengths of joints, which were determined by considering a joint as part 
of the column subjected to shear from the connecting beam. 
Table 2: Maximum test loads and joint shear strengths 
Specimen Test load Joint shear strength  
Maximum value: kN % of beam flexural 
failure load 
Maximum joint force 
Vjh: kN 
Normalised strength 
vjh/f'c
BS-450 100.9 73 315.5 0.63 
BS-450-H1T10 124.5 90 389.3 0.75 
BS-450-H2T10 153.2 111 479.3 0.82 
BS-600 132.7 68 283.9 0.52 
BS-600-H2T8 170.8 87 360.1 0.62 
BS-600-H4T8 162.4 83 342.4 0.70 
3.1. Hysteresis behaviour 
The hysteretic responses of specimens are presented in the form of displacement versus 
corresponding horizontal applied load to beam shown in Figure 3, which have well been recognised as an 
effective qualitative means of evaluating the seismic performance.  As indicated in Table 2 and also 
shown in Figure 3, joint failure loads of specimens BS-450 and BS-600, which have no transverse steel in 
joint cores, were only about 70% of beam flexural failure loads.  However, specimens BS-450-H1T10/-
H2T10 and BS-600-H2T8/-H4T8, which had the same cross-sectional dimensions as those of BS-450 and 
BS-600, respectively, and were reinforced with horizontal stirrups with steel ratios of about 0.14% and 
0.27%, respectively, failed when the beams reach over 90% and about 85% of their flexural strengths, 
respectively.  It was indicated that shear strengths of the beam-column joints were effectively enhanced 
by providing stirrups in joint core. 
It is observed from Figures 3(a)-3(b) that specimens BS-L-450 and BS-L-600 have relatively poor 
seismic performance in terms of the hysteretic behaviour under reversed cyclic loading, where there were 
an amount of pinching, associated with degradation of the shear transfer and deterioration of the concrete, 
and rapid drop of stiffness and strength, after reaching the maximum strength, indicating a relatively low 
capability of energy dissipation and also a possible undesirable sudden failure after certain loading cycles.  
It can be seen from Figures 3(c)-3(f) that improvements in hysteresis behaviour, energy dissipation and 
load retention capacities are clearly attained for the specimens with horizontal stirrups in joint core (BS-
450-H1T10/H2T10 and BS-600-H2T8/H4T8).  In addition, the significant increase in shear strength of 
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joints can be achieved, as expected, with providing the transverse steel in joint core. 
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(e) BS-450-H2T10 (f) BS-600-H4T8 
Figure 3: Load-displacement hysteretic loops of specimens. (a) BS-450(b); BS-600(c); BS-450-H1T10; (d) BS-600-H2T8;            
(e) BS-450-H2T10; (f) BS-600-H4T8 
Indeed, providing horizontal stirrups in a joint core will generally result in the relatively high ductile 
behaviour.  As shown in Figure 3(c), although the hysteretic loops of specimen BS-450-H1T10, where 
horizontal joint steel was provided with a stirrup ratio being about 0.14%, had a thinner and pinched 
shape at the beginning, the softening behaviour before reaching the ultimate displacement can be 
observed.  However, it is seen in from Figure 3(e) that the hysteretic loops of specimen BS-450-H2T10, 
where horizontal joint steel was provided with a stirrup ratio being about 0.27%, exhibited a much wider 
and thicker shape, where a relatively large enclosed area of the loops indicated higher energy dissipation 
and load retention capacities than that of BS-450-H1T10.  Moreover, the degradation of both strength and 
stiffness can also be observed as rather graduate and steady, and the load-displacement performances in 
both positive and negative cycles are approximately symmetrical.  It is indicated that specimen BS-450-
3306  J.S. KAUNG and H.F. WONG / Procedia Engineering 14 (2011) 3301–3307
H2T10 possesses the desirable seismic behaviour and high ductility capacity, as compared to BS-450 and 
BS-450-H1T10. 
On the other hand, improvements in hysteresis behaviour, energy dissipation and load retention 
capacities were clearly attained for specimens BS-600-H2T8 and -H4T8 as compared to BS-600, where 
no joint transverse reinforcement was provided, while little improvements in hysteretic behaviour was 
attained when the joint stirrup ratio was increased double from 0.13% in BS-600-H2T8 to 0.26% in BS-
600-H4T8, as shown in Figures 3(d) and 3(f). 
3.2. Effect of horizontal stirrups on joint strength 
To investigate the effectiveness of horizontal stirrups in joint cores on the seismic behaviour and 
enhanced shear strength, two series of specimens BS-450/-450-H1T10/-450-H2T10 and BS-600/-600-
H2T8/-600-H4T8 are considered and compared.  Although all specimens failed in a joint shear-failure 
mode, the shear strength increases as the joint core stirrup ratio increases. 
Variations of the normalised shear strength to the stirrup ratio of joint are shown in Figure 4.  It is 
seen that the normalised shear strength of BS-450 series of specimens is increased from 0.63 (BS-450), 
0.75 (BS-450-H1T10) to 0.82 (BS-450-H2T10) with the increase in joint stirrup ratio from 0, 0.14% to 
0.27%, the shear strength being increased by 19% and 30%, while that of BS-600 series of specimens is 
increased from 0.52 (BS-600), 0.62 (BS-600-H2T8) to 0.70 (BS-600-H4T8) with the increase in joint 
stirrup ratio from 0, 0.13% to 0.26%, the shear strength being increased by 19% and 34%. 
In addition, it can be seen from Fig. 4 that the shear strength increases nonlinearly and reaches a 
plateau when the joint stirrup ratio reaches about 0.4%.  Hence, providing additional horizontal stirrups in 
joint seem not to have further beneficial effect on enhancing the shear strength.  This value agrees quite 
well with that the previous research results (Kitayama et al. 1991), which is 0.4% of the hoop ratio for 
interior beam-column joints. 
4. Conclusion 
Reversed cyclic-load tests on full-scale reinforced concrete exterior beam-column joints with 
nonseismic design were carried out, and the seismic behaviour of the joints was investigated.  Emphasis 
of this paper is given on the effectiveness of horizontal stirrups in joint core on the seismic performance 
and shear strength of the joints.  Based on the findings from the tests, the following conclusions can be 
drawn. 
(1) Horizontal stirrups in beam-column joints with nonseismic design can effectively improve the 
seismic behaviour and enhance the joint shear strength.  It is recommended that the upper limit of 
the horizontal stirrup ratio in non-seismically designed exterior beam-column joints under low-to-
moderate seismicity for enhancing the shear capacity be 0.4%.  Additional transverse reinforcement 
provided to the joint may have less effect on the joint shear strength enhancement. 
(2) Shear failure of a beam-column joint with non-seismic detailing occurs generally before the beam 
section reaches its ultimate flexural strength.  The worst scenario in this study shows that a joint fails 
in shear when the beam strength reaches only 68% of the design flexural capacity, indicating that the 
joint fails when the beam is only under the service load.  However, it is shown that the joints with 
transverse reinforcement possess much better seismic behaviour and fail after the beam strength 
reaches more than 83% of its ultimate flexural capacity. 
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(a) BS-450 series (beam-column depth ratio = 1.5) 
(b) BS-600 series (beam-column depth ratio = 2.0) 
Figure 4: Variation of joint shear strength to stirrup ratio. 
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